Background: Previous research has identified an association between high body mass index (BMI) and better overall survival (OS) in metastatic renal cell carcinoma (mRCC) patients treated with vascular endothelial growth factor-tyrosine kinase inhibitors (VEGF-TKIs). Objective: The current study sought to determine whether the effect of BMI on OS extends beyond VEGF-TKIs to mTOR inhibitors or immunotherapy (IO). Design, Setting and Participants: A retrospective study was conducted among patients diagnosed with mRCC treated at a single institution from 2009 to 2017. Demographic and clinical variables were collected. BMI was characterized as high (≥25 kg/m 2 ) versus low (<25 kg/m 2 ). Outcomes Measurement and Statistical Analysis: The Kaplan-Meier method was used to estimate the difference in OS, with comparisons based on BMI and by treatment type. Results and Limitations: Among 353 patients (M = 64 years old, 73% male) 66% were overweight or obese (BMI ≥ 25 kg/m 2 ). Patients were treated with VEGF-TKI (65%), mTOR (23%), or IO (12%). Among patients treated with VEGF-TKI with low BMI, median OS was 24.0 months (95% CI, 20.7-27.2) versus 36.0 months (95% CI, 18.6-53.3) among patients with high BMI (P = 0.02). The median OS for patients with low BMI treated with mTOR was 18.0 months (95% CI, 2.8-33.1), versus 25.0 months (95% CI, 16.6-33.4) among patients with high BMI (P = 0.04). In contrast, patients with low BMI treated with IO had a median OS of 23.6 months (95% CI, 17.5-29.7) versus 19.9 months (95% CI, 10.6-29.2) among patients with high BMI (P = 0.26). The retrospective nature and the small sample size are the main limitations of this study. Conclusions: High-BMI was associated with improved OS in patients with mRCC treated with VEGF-TKI and mTOR, but the inverse trend was observed among patients receiving IO. Our data highlight the need to reassess this phenomenon in the context of IO-based regimens.
INTRODUCTION
Several studies have suggested an association between obesity and kidney cancer and have established obesity as a risk factor in the development of this malignancy [1] [2] [3] [4] . A better understanding of this association has been particularly important when we consider the concerning numbers related to the epidemiology of obesity and kidney cancer. Over the past three decades, obesity has become a major public health issue in the United States [5] [6] [7] . In this time period, the number of kidney cancer cases have also increased [8] .
There have been significant advances in the treatment of renal cell carcinoma (RCC) over the last two decades, led most notably by enhanced imaging methods that enable earlier detection of small renal masses and a better understanding of the RCC biologic mechanism that has enabled the development of new drugs [9] . This evolutionary path began with the first class of drugs which reported activity for systemic treatment of RCC in what was marked the "cytokine era". The expected median overall survival (OS) was 13 months with interferon-alpha treatment; durable responses in a small percentage of eligible patients with advanced renal cell cancer were demonstrated with interleukin-2 [9] [10] [11] [12] . The introduction of a new class of drugs that target vascular endothelial grow factor (VEG F) and intracellular molecules of the mammalian target of rapamycin (mTOR) pathway, [13] [14] [15] has led to a notable increase in median OS to 24 to 30 months. Further, these treatments are associated with fewer adverse events and better quality of life (QOL) [9] . More recently the development novel immunotherapy drugs (IO) that inhibit immune checkpoint targets such as the programmed death cell-1 and its ligand (PD-1 and PD-L1), and the cytotoxic T-lymphocyte associated-4 protein (CTLA-4) have added impressive survival and QOL benefits [9, 16, 17] .
In the context of these treatment advances, more recent studies have investigated the relationship between RCC and elevated body mass index (BMI). These studies have found that excess weight could serve as a prognostic factor in RCC, although this association was attenuated by different types of treatment [18] [19] [20] [21] . For example, Choueiri et al. observed higher OS in obese patients treated with targeted therapies for RCC, even after adjusting for prognostic factors, such as the International Metastatic Renal Cell Carcinoma Database Consortium (IMDC) risk criteria [19] . Furthermore, Albiges and collaborators identified an association between high BMI and treatment outcomes in patients with metastatic RCC (mRCC), with greater OS among patients with higher BMI being treated with VEGF-TKIs [20] . The authors expanded their evaluation by including the assessment of immunohistochemistry staining for fatty acid synthase (FASN) and FASN gene expression for a specific cohort of patients, suggesting a role for fatty acid metabolism in the prognosis of patients with mRCC [20] .
The current evidence suggests that overweight and obesity may be a risk factor for RCC, as well as a positive prognostic factor for patients treated with VEGF-TKIs drug. Given this assumption, this study sought to determine the association between BMI and OS among patients being treated for kidney malignancies, and examine this association in patients treated with VEGF-TKIs, mTOR inhibitors, and immunotherapy (IO).
MATERIAL AND METHODS

Patient Selection
In this retrospective study, we analyzed data from electronic medical records of patients diagnosed with mRCC, from 2009 to 2017, treated at a single institution located in Duarte, California. This study was approved by an internal institutional review board. Patients were eligible if they had histologically confirmed RCC and received first and/or second line treatment with VEGF-TKI, mTOR, and IO. We divided the cohort of patients with mRCC into three groups based on primary type of systemic therapy received in the first or second line setting. Patients with high-BMI and low-BMI were then compared within each of these three groups. Patients treated with combination therapy (VEGF-TKI + mTOR or VEGF-RKI + IO) were excluded. Further clinical information reported prior to the start new line of therapy (age, gender, race, marital status, BMI median, histology, previous nephrectomy, metastatic site, IMDC, and systemic treatment rendered) was also collected from medical records. The type of systemic therapy rendered was grouped by the mechanistic type of drug: VEGF-TKI (sunitinib, pazopanib, sorafenib, or axitinib), IO group (nivolumab, atezolizumab, or avelumab), and mTOR (temsirolimus or everolimus). In order to simplify our description of each subgroup after the categorization in high-or low-BMI we used the following abbreviation: V-H and V-L for patients who received VEGF-TKI inhibitors with high-and low-BMI, IO-H and IO-L respectively for patients who received immune-checkpoint inhibitors with high-and low-BMI, and M-H and M-L for patients who received mTOR inhibitors with high-and low-BMI.
Statistical analysis
A descriptive analysis was performed to estimate frequencies, mean, standard deviation (SD), median and 95% confidence interval (95%CI) of the clinical characteristics by treatment type. The chi-square test was used to determine the association between treatment groups and clinical characteristics, and between BMI and clinical characteristics for each group (VEGF-TKI, mTOR and IO). For each treatment type, patients were grouped as normal weight (BMI < 25 kg/m2) or overweight (BMI ≥ 25 kg/m2). Overall survival was estimated using the KaplanMeier method and calculated by the difference in months between the date of diagnosis to the date of death or last follow-up. Further, Cox proportionalhazards modeling was used to assess the effect of BMI on survival, for gender, race, IMDC, and histology. All analyses were performed using the Statistical Package for Social Science (SPSS) software, version 24.0.
RESULTS
We assessed a total of 353 cases of mRCC who received systemic therapy as first (n = 230) and/or second line treatment (n = 123). There was a higher proportion of high-BMI patients in the VEGF-TKI group compared to other treatment groups (Supplementary Figure 1 ). Of those recruited, 229 received targeted therapy with VEGF-TKI agents (31% V-L and 69% V-H). 82 received mTOR inhibitors (43% M-L and 57% M-H), and 42 received IO (29% I-L and 71% I-H). Clinical data are summarized in Table 1 . Among the entire cohort there was a median age of 64 years (range 38-89); age varied in the IO group which presented a median age of 68 years in the I-L versus 63 years in the I-H group (P = 0.21). In terms of race, white patients were predominant in all subgroups followed by Hispanic and Asian. Notably, there was a higher proportion of Asian than Hispanic patients in the M-L (34% Asian versus 5% Hispanic; P = 0.001) and in the IO-L (41% Asian versus 25% Hispanic; P = 0.02).
There was a higher proportion of clear cell RCC compared to non-clear cell RCC histology across all three subgroups (Table 1) . The most common metastasis sites were lung (70%), followed by lymph nodes (42%) and bone (32%). Notably, the V-L and M-L subgroups demonstrated a higher number of bone metastasis than lymph node metastasis. Most patients were intermediate risk as per IMDC prognostic criteria. In the IO group, 83% of patients were in the intermediate risk (P = 0.19). A marked contrast was seen in the mTOR group with a difference between poor-and favorable-prognosis of 22% versus 11% respectively in the M-L (P = 0. 19 ). An opposite trend in the M-H subgroup was noted, with 12% with poor-prognosis and 25% for patients with favorableprognosis (P = 0.19). Data concerning BMI in this cohort showed a relatively even distribution across the subgroups with BMI values of 22 for the V-L, 31 for the V-H, 22 for the M-L, 31 for the M-H, 24 for the IO-L subgroup, and 30 for the IO-H subgroup (P = 0.79).
In terms of treatment, there was a relatively even distribution of patients who received nephrectomy, with a mean of 86% reported across the subgroups. The most frequently used drug in the VEGF-TKI group was sunitinib that was prescribed in 68% of 229 patients, followed by sorafenib (7%) and pazopanib (7%) in a similar distribution between these two subgroups (P = 0.56). In the IO group, the primary agent was nivolumab (76%), followed by nivolumab/ipilimumab (16%, P = 0.12). Regarding the mTOR inhibitors and the M-L subgroup, everolimus was used in 54% of cases, while 46% received temsirolimus (P = 0.01).
Overall survival was calculated for each group (VEGF-TKI, mTOR and IO) in order to compare survival differences between the respective BMI subgroups (Fig. 1) . The comparison between patients treated with VEGF-TKI was statistically significant with 24 months (95%CI, 20.7-27.2) versus 36 months (95%CI, 18.6-53.3) among low-BMI and high-BMI groups respectively (p = 0.02). A similar result was found among those treated with mTOR inhibitors, with 18 months (95%CI, 2.8-33.1) versus 25 months (95%CI, 16.6-33.4) for low-and high-BMI, respectively (p = 0.04). However, patients treated with immunotherapy who had a low BMI possessed a median OS of 23.6 months (95%CI, 17.5-29.7) versus 19.9 months (95%CI, 10.6-29.2) among patients with high-BMI (P = 0.26). In the VEGF-TKI group, the covariate IMDC remained significant (P = 0.001), while gender, race, and histology failed to reach significance. A similar finding was found in the mTOR group. The HR for both scenarios indicates a strong relationship between non-favorable prognostic (IMDC) and increased risk of death. No significant contribution was found in the IO group (Table 2) . 
DISCUSSION
The current retrospective analysis examined the prognostic significance of BMI among patients with metastatic RCC treated with three different classes of drugs, VEGF-TKI, mTOR inhibitors, and immune check point inhibitors. The rates of overweight and obesity mirrored those of the general population across each of the three treatment subgroups of this cohort [5, 6] . Demographic characteristics were also in relative accordance with previous research in this clinical domain. However in contrast to the literature, a greater proportion of men were observed in the V-L (45% female versus 55% male) and IO-L (44% female versus 56% male) subgroups [8] . Whereas the vast majority of patients where white, we did note a relatively high proportion of Asian patients in many of the low-BMI subgroups, which could reflect the impact of cultural differences in diet or exercise habits on body weight [22] . The distribution of histologic subtypes and metastasis was consistent with past studies [9, 23] , and thus our study cohort appears representative of the broader RCC patient population recruited in empirical studies.
The prognostic significance of BMI in terms of OS is aligned with the literature demonstrating that patients with high BMI have better OS when treated with VEGF-TKI in the first or second line settings. Notably, mTOR inhibitor presented a similar survival outcome for patients with high BMI. These findings reinforce the positive prognostic role that a high BMI can serve, particularly among patients being treated with targeted therapies. Interactions between molecular pathways such as FASN and VEGF may provide one potential explanation for this association, as they are particularly involved in the neoplastic processes for kidney cancer and for other types of malignancies [20, [24] [25] [26] . Particularly among those with RCC, the FASN upregulation can confer a survival growth advantage to tumor cells and thus be predictive of poorer disease outcomes. Notably, this pathway is apparently downregulated in obese patients [27] . The current study findings may raise the question that the differences in the prognosis observed in the different subgroups may be due to an alternative mechanism targeted by certain targeted therapies but not modulated by immunotherapies. However, in the context of IO-based regimens, the association was not significant, which highlight the need to reassess this phenomenon in order to verify if this alternative mechanism plays a role in those treated with IO.
Unfortunately, our small sample size in the IO subgroup might have been underpowered to show a statistically significant result in this case. Nevertheless, it is an interesting trend which merits further investigation. In a recent study (N = 1,918), using a similar methodology, McQuade et al showed that obese male patients (BMI ≥ 30) with metastatic melanoma, treated with targeted therapies or IO, had improvement in PFS and in OS, compared to patients with normal BMI. The survival benefit was not observed among patients who received chemotherapy [28] . These contradictory results could be associated with the different types of cancer investigated, and emphasizes the need for further research to elucidate the relationship between BMI and treatment response, particularly in the context of immunotherapy in kidney cancer.
Further, we highlight that our IMDC findings in the general cohort reflect that most patients with intermediate-prognosis risk factor, which aligns with previous studies. Nevertheless, in the IO group, we found an intriguingly low number of patients with a poor-prognosis over favorable-prognosis for both IO-L and IO-H subgroups what can be considered paradoxical if we have in mind the use of this class of drug in the metastatic setting for kidney cancer, such as the recently approved combination of ipilimumab/nivolumab [17] . Despite the vast majority of patients in these subgroups being intermediate-risk, the difference between poor and favorable-prognostic risk can be due to the context of a clinical trial or, again, the smaller sample size in this particular subgroup. Another interesting result associated to the IMDC is the high number of patients with intermediate-and poor-prognosis receiving mTOR inhibitors, which is in accordance with the literature regarding the main indication for this class of drug in RC [29] .
This study enhances our understanding of RCC and the role of body weight in prognostication, however several limitations should be noted. The retrospective nature of this study may provide difficulty in obtaining potentially relevant information beyond the routine clinical data, such as the immunohistochemistry staining for FASN, or gene expression profiling with focus on the fatty acid metabolism pathway in the TCGA data set, as demonstrated in a previous study [20] . Secondly the fairly small sample size among several subgroups warrants caution in the final results and might have been underpowered to show a statistically significant result for the IO group. Finally, the accuracy of BMI in diagnosing obesity has notable limitations, including the inability for it to account for lean muscle mass and appropriate categorization of the elderly and sick. Despite this, BMI has been used in several related studies and does possess utility in clinical practice [30, 31] . Future studies, with a larger sample size, should examine the association between OS and BMI as a quartiles instead of a binary variable. In addition, Steffens et al. showed that the relationship between obesity and prognosis in RCC was significant for patients with higher levels of adipose fat, particularly visceral and subcutaneous fat [21] .
CONCLUSIONS
In conclusion, utilizing data collected from a single institution over a period of 8 years, our findings suggest an important relationship between BMI and OS in patients treated with VEGF-TKIs and mTOR inhibitors, classes of drugs currently used in the systemic treatment of mRCC. Previous findings were confirmed, with patients with a higher BMI possessing better outcomes when treated with targeted therapies such as VEGF-TKIs or mTOR inhibitors. In contrast, immune-check point inhibitors were associated with an opposite trend, with a lower BMI associated with better OS, although this result was not statistically significant, potentially due to our small sample size. This correlation merits further investigation, as well as the studies of the possible explanatory molecular mechanisms or genomic alterations. These results provide further evidence of the importance of BMI as a clinical biomarker and prognostic tool, as well as possibly playing a role in treatment selection among those diagnosed with mRCC.
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